The human proteome contains a plethora of short linear motifs (SLiMs) that serve as binding interfaces for modular protein domains. Such interactions are crucial for signaling and other cellular processes, but are difficult to detect because of their low to moderate affinities. Here we developed a dedicated approach, proteomic peptide-phage display (ProP-PD), to identify domain-SLiM interactions. Specifically, we generated phage libraries containing all human and viral C-terminal peptides using custom oligonucleotide microarrays. With these libraries we screened the nine PSD-95/ Dlg/ZO-1 (PDZ) domains of human Densin-180, Erbin, Scribble, and Disks large homolog 1 for peptide ligands. We identified several known and putative interactions potentially relevant to cellular signaling pathways and confirmed interactions between fulllength Scribble and the target proteins β-PIX, plakophilin-4, and guanylate cyclase soluble subunit α-2 using colocalization and coimmunoprecipitation experiments. The affinities of recombinant Scribble PDZ domains and the synthetic peptides representing the C termini of these proteins were in the 1-to 40-μM range. Furthermore, we identified several well-established host-virus proteinprotein interactions, and confirmed that PDZ domains of Scribble interact with the C terminus of Tax-1 of human T-cell leukemia virus with micromolar affinity. Previously unknown putative viral protein ligands for the PDZ domains of Scribble and Erbin were also identified. Thus, we demonstrate that our ProP-PD libraries are useful tools for probing PDZ domain interactions. The method can be extended to interrogate all potential eukaryotic, bacterial, and viral SLiMs and we suggest it will be a highly valuable approach for studying cellular and pathogen-host protein-protein interactions.
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T here are an estimated 650,000 protein-protein interactions in a human cell (1) . These interactions are integral to cellular function and mediate signaling pathways that are often misregulated in cancer (2) and may be hijacked by viral proteins (3) . Commonly, signaling pathways involve moderate affinity interactions between modular domains and short linear motifs (SLiMs; conserved 2-to 10-aa stretches in disordered regions) (4) that are difficult to capture using high-throughput methods, such as yeast two-hybrid (Y2H) or affinity-purification mass spectrometry (AP/MS) but can be identified using peptide arrays, splitprotein systems (5, 6) , or peptide-phage display (7) (8) (9) (10) . A major limitation of peptide arrays is coverage, because the number of potential binding peptides in the proteome is orders of magnitude larger than what can be printed on an array. Conventional phage libraries display combinatorially generated peptide sequences that can identify biophysically optimal ligands of modular domains but this approach can exhibit a hydrophobic bias and may not be ideal for detecting natural binders (11) . Thus, there is a need for alternative approaches for identification of relevant domain-SLiMs interactions.
Here, we report an approach that solves both the problem of coverage and the problem of artificial binders. We take advantage of microarray-based oligonucleotide synthesis to construct custom-made peptide-phage libraries for screening peptideprotein interactions, an approach we call proteomic peptidephage display (ProP-PD) ( Fig. 1 ). This process is similar in concept to the method for autoantigen discovery recently proposed by Larman et al. (12) . In this earlier work, a T7 phage display library comprising 36-residue overlapping peptides covering all ORFs in the human genome was used to develop a phage immunoprecipitation sequencing methodology for the identification of autoantigens. A more general application of the library for the identification of protein-peptide interactions was introduced, but not explored in depth. We here establish that ProP-PD is a straightforward method for the identification of potentially relevant ligands of peptide binding domains. Our approach is based on the filamentous M13 phage, which is highly suited for efficient screening of peptide binding domains (13) . The main advantage of our display system is that it is nonlytic and highly validated; random M13 phage-displayed peptide libraries have been used to map binding specificities of hundreds of diverse modular domains (7, 8, (14) (15) (16) . We showcase our approach by identifying interactions of PSD-95/Dlg/ZO-1 (PDZ) domains.
Significance
Although knowledge about the human interactome is increasing in coverage because of the development of high-throughput technologies, fundamental gaps remain. In particular, interactions mediated by short linear motifs are of great importance for signaling, but systematic experimental approaches for their detection are missing. We fill this important gap by developing a dedicated approach that combines bioinformatics, custom oligonucleotide arrays and peptide-phage display. We computationally design a library of all possible motifs in a given proteome, print representatives of these on custom oligonucleotide arrays, and identify natural peptide binders for a given protein using phage display. Our approach is scalable and has broad application. Here, we present a proof-of-concept study using both designed human and viral peptide libraries.
The PDZ family is one of the largest domain families in the human proteome, with about 270 members that typically interact with C-terminal peptides (class I binding motif: x-S/T-x-Φ-COO-, class II: x-Φ-x-Φ-COO-) (17) but also with internal peptide stretches and phosphoinositides (18, 19) . PDZ-peptide interactions have been extensively analyzed by distinct experimental efforts, such as peptide-phage display (7, 20) , peptide arrays (9, 21, 22) , and split-ubiquitin membrane Y2H (23), as well as by computational approaches (24) (25) (26) (27) (28) . Furthermore, the PDZ family has been shown to be the target of viral hijacking, whereby virus proteins mimic the C termini of human proteins to exploit these interactions (29) . Thus, the PDZ family offers an excellent model system for validation of the ProP-PD approach.
We created ProP-PD libraries displaying all known human and viral C-terminal peptide sequences and used these to identify binding partners for the nine PDZ domains of Densin-180, Erbin, Scribble, and disk large homolog 1 (DLG1) ( Fig. 1 ). These proteins have crucial roles in the postsynaptic density of excitatory neuronal synapses, in the establishment of adherens and tight junctions in epithelial cells, and in the regulation of cell polarity and migration (30) (31) (32) . Additionally, both Scribble and DLG1 are known targets of viral proteins (33, 34) . Using the ProP-PD libraries we identified known and novel human and viral ligands and validated candidates in vivo and in vitro. Our results demonstrate that ProP-PD is a powerful approach for the proteomic screening of human and viral targets. Future studies with larger libraries tiling the complete disordered regions of any proteome can be envisioned, as the technology is highly scalable.
Results
Library Design and Construction. We designed a human peptide library containing 50,549 heptamer C-terminal sequences, corresponding to 75,797 proteins, including isoforms and cleaved sequences (Dataset S1), reported in the RefSeq, TopFind, and ENSEMBL databases (Status December 2011) ( Fig. 2A) . The peptides only listed in TopFind represent experimentally validated alternative C termini resulting from proteolytic cleavage events (35) . Four percent of the entries map to more than one protein because they have identical C-terminal peptide sequences. In addition, we designed a library of all known viral protein C termini, containing the 10,394 distinct viral protein C termini found in Swissprot corresponding to 15,995 viral proteins ( Fig.  S1 and Dataset S2). Oligonucleotides encoding the peptides flanked by annealing sites were printed on custom microarrays, PCR-amplified, and used in combinatorial mutagenesis reactions to create libraries of genes encoding for peptides fused to the C terminus of the M13 major coat protein P8 in a phagemid vector ( Fig. 1) (36) . In our hybrid M13 phage systems, the phage particle contains all of the wild-type coat proteins with the addition of the fusion protein for display. The system has previously been optimized for efficient display of C-terminal peptides (37) . The display level of the fusion protein is expected to be between 5% and 40% of the about 2,700 copies of the P8 protein on the phage particle (38) . The avidity of the displayed peptides ensures the capture of transient domain-SLiMs interactions.
From each obtained oligonucleotide microarray we constructed two distinct phage libraries that were used in replicate screens against the target domain. Deep sequencing of the naïve libraries confirmed the presence of more than 80% and 90% of the designed human and viral sequences, respectively. The majority of the incorporated sequences were designed wild-type peptides but about 30% of the sequences had mutations (Fig. 2B) . The mutations may arise from the oligonucleotide synthesis, the copying of the oligonucleotides of the microarray surface, the PCR amplification of the oligonucleotide library, or during the phage library construction and amplification. Indeed, the M13 phage has a mutation rate of 0.0046 per genome per replication event (39) . The percentage of mutations in our libraries is lower than what was observed in the previous study by Larman et al. (12) . Moreover, each library contained 10 8 to 10 9 unique members, which far exceeded the number of unique C-terminal peptides encoded by the DNA arrays, and thus, the mutations did not compromise coverage of our designed library sequences.
Analysis of the ProP-PD Selection Data. The replicate ProP-PD libraries were used to capture binders for nine recombinant GSTtagged PDZ domains (Densin-180 PDZ; Erbin PDZ; Scribble PDZ1, PDZ2, PDZ3, and PDZ4; and DLG1 PDZ1, PDZ2, and PDZ3) following five rounds of selection. The selections were successful as judged by pooled phage ELISA, except for Scribble PDZ4, which has previously been found to fail in conventional C-terminal peptide-phage display, suggesting that this domain may not recognize C-terminal peptide ligands or that it is not functional when immobilized on the plastic surface (7, 40) . Resultant phage pools were analyzed by next-generation sequencing. To define a high interest set of peptides that interact with the PDZ domains, we filtered as follows: (i) discarded mutated sequences, (ii) required a minimum threshold of read count (as indicated in Fig. 3A ), and (iii) selected peptides found in either Uniprot/Swissprot or RefSeq (April 2013).
For the replicate libraries, the overall correlation between the selected peptides for all domains was high ( Fig. 3B ) (r 2 = 0.8 for all data), providing an estimate of the reproducibility of the procedure. Looking at individual domains, we found that the correlations between the replicate selections were lower in some cases (Scribble PDZ2 and PDZ3, DLG1 PDZ2 0.5 < r 2 < 0.7) than in others (Scribble PDZ1, Erbin PDZ, and DLG1 PDZ3, r 2 = 0.99). It thus appears to be good practice to construct more than one library for each design to ensure good coverage of the sequence space.
Comparison with Conventional Peptide-Phage Display. To compare the data obtained from the ProP-PD selections with results from conventional peptide-phage display, we derived position weight matrices (PWMs) based on the ProP-PD data and found good overall agreement with PWMs derived from random peptidephage display libraries of a previous study (7) (Fig. S2) ProP-PD-based PWMs were generally less hydrophobic, as evidenced by calculation of their accumulated hydrophobicity values. We further investigated if conventional phage display would have identified proteins containing the C-terminal sequences obtained from ProP-PD ( Fig. 3C and Table S1 ). There is good agreement between the two systems for Erbin, DLG1 PDZ2, and PDZ3; however, clear differences were observed for Scribble PDZ1, PDZ2, and PDZ3 targets ( Fig. 3C ). For Erbin PDZ there is one notable outlier (YYDYTDV) that lacks the C-terminal [T/S]WV motif, which is otherwise the hallmark of the ligands of this domain. For Scribble PDZ1 the three highest ranked ProP-PD ligands are captured by the PWM predictions, but not the lower ranked peptides. There are several discrepancies between the PWM-based predictions and the ProP-PD data for Scribble PDZ2 and PDZ3. For example, for Scribble PDZ2, the first (GSPDSWV) and fifth (ASPDSWV) highest ProP-PD ligand score badly in the PWMbased predictions, which may in part be explained by the S at position −2 that is not represented in the PWM used for predictions. Among the outliers of Scribble PDZ3 we note the IRETHLW peptide, which appears to contain a cryptic PDZ class I motif with a shift of one amino acid, as previously suggested for other PDZ ligands (25) . Other outliers (ASFWETS, GDLFSTD, and THWRETI) do not contain typical class I binding motifs and are therefore missed by the PWM-based predictions.
Comparison Between Human ProP-PD Data and Known Ligands. We compared the overlap between our identified putative human ligands with the physical interactions reported in the BioGRID and DOMINO databases (excluding high-throughput AP/MS data to avoid comparing binary interactions with complexes). The overlaps ( Fig. 3D ) are rather low, and there are two likely reasons for this. First, BioGRID (and other related databases) do not yet annotate the domains/motifs mediating the interactions. Hence, the interactions reported therein may be mediated by other parts of the protein not represented in this study. Second, the coverage of DOMINO is known to be relatively low (41) . A more extensive literature search provided support for about 50% of the interactions for the PDZ domains of Erbin, DLG1, and Densin-180, suggesting that a high proportion of the ligands identified by ProP-PD are relevant ( Fig. 3A and Table  S1 ). Curiously, we found support for only 5 of the 36 ligands identified for the Scribble PDZ domains and therefore attempted to validate some of these new interactions using in vitro affinity determination and cell-based assays.
Validation of Human Scribble Ligands in Vitro. We determined in vitro affinities using fluorescence polarization assays (Table 1) . We synthesized fluorescein-labeled peptides for the first ranked ligands for each of the Scribble PDZ domains (PDZ1: RFLETKL and AWDETNL, PDZ2: GSPDSWV and VQRHTWL, PDZ3: VQRHTWL and AWDETNL). The affinities (Table 1 ) were in the low micromolar range (1-40 μM), which is typical for PDZ domain-mediated interactions (42) and similar to what have been observed for synthetic ligands derived from combinatorial phage libraries (7, 20) .
Furthermore, we measured affinities for additional Scribble PDZ3 interactions to investigate if there was a correlation between affinities and the sequencing counts (covering a range of 0-10,000 counts). The peptides (Table 1) conform to a class I binding motif (x-S/T-x-Φ-COO-), with the exceptions of the IRETHLW and the ASFWETS peptides, as discussed previously. There is a weak correlation (r 2 = 0.36) between the logarithm of the sequencing counts and the affinities (Fig. S3 ), suggesting that ProP-PD data can be used in a semiquantitative manner, similar to intensities from peptide arrays. The observed counts can be influenced by factors other than affinities-such as phage growth rates (43) , different display levels, and biases in amplicon PCR (44)-but such confounding effects can be minimized by exceedingly high library coverage during selections, using a display system with minimal growth bias for different clones and optimizing PCR conditions for linear amplification. From the linear fit we estimate that peptides with affinities weaker than 20 μM may be lost, and the GSPDSWV peptide (K d = 22 μM) was indeed not retrieved in the sequencing data from this selection. We failed to detect an interaction between Scribble PDZ3 and the ASFWETS peptide in the concentration range used, indicating that it is a false-positive hit. (Tables S1 and S2 ). The data from the selections against the human libraries are in black and the data from the viral libraries are in gray. Most of the points are in the low count range and clustered in the lower left corner. (C) Comparisons between ProP-PD data and predictions based on PWMs derived from conventional phage display for domains with more than two ProP-PD ligands. The datapoints are shown as red circles, except the outliers (defined as PWM rank > 1,000) that are shown as black dots. The blue line represent is the linear fit of the data, excluding outliers. (D) Overlaps between identified ligands and interactions reported in the domino and BioGRID databases. For Scribble and DLG1 we pooled the results for the ProP-PD selections for their respective PDZ1, PDZ2, and PDZ3 domains. α-2 (GCYA2), and dynamin-1-like protein (DNM1L). Upon transient overexpression in HEK293T cells, Scribble clearly colocalized with ARGH7, GCYA2, and PKP4 ( Fig. 4A ) at distinct subcellular sites. Notably, Scribble was targeted to distinct vesicular structures when coexpressed with ARGH7 and GCYA2 but enriched at filamentous structures when expressed with PKP4. These interactions were further supported by Co-IP experiments (Fig. 4) . Some colocalization was noted between CTNB1 and Scribble (Fig. S4 ), but we failed to confirm an interaction between the two proteins through Co-IP. CTNB1 and Scribble have previously been shown to colocalize in hippocampal neurons and have been coimmunoprecipitated from neuronal lysates (45) , and may thus interact under other cellular contexts. Coexpressed MK12 and Scribble were found diffused in the cytoplasm, but weak yet consistent bands were observed from their Co-IP supporting an interaction (Fig. 4B) . In contrast, when Scribble was coexpressed with DNM1L, it was targeted to vesicular structures, whereas DNM1L was found to be diffused in the cells. Furthermore, the Co-IP between the two proteins was largely negative. Colocalizations and Co-IPs thus support the interactions between full-length Scribble and ARGH7, GCYA2, PKP4, and MK12 but not with DNM1L.
Overview of Human Targets. We created a protein-protein interaction network of the four PDZ-containing proteins with their 78 putative binding partners for a comprehensive overview of the data (Fig. S5) . Consistent with previous studies and roles in cell polarity and adhesion, the network of the LAP proteins Densin-180, Erbin, and Scribble contains interactions with the catenin family members PKP4, δ-catenin, and ARVCF (40, (46) (47) (48) , whereas the DLG1 part of the network contains previously known interactions with anion transporters, potassium channels, and G protein-coupled receptors (see SI Methods for a detailed discussion of the network and biological relevance of the previously unknown interactions).
Host-Virus Protein-Protein Interactions. The viral ProP-PD library was created to identify putative interactions between viral proteins and human PDZ domains. For the PDZ domains of Scribble and DLG1, we retrieved mainly previously known interactors (SI Methods and Table S2 ) (29) . We determined the affinities of the Tax-1 C-terminal peptide (HFETEV) for Scribble PDZ2 and PDZ3 and found them to be in the low micromolar range (Table 1) , similar to the affinity for the human ligands.
The viral ProP-PD further suggested a set of novel host-virus protein-protein interactions listed in Table S2 , including an interaction between Scribble and the rabies virus glycoprotein G, which has previously been shown to bind other PDZ proteins (41) . In addition, we revealed interactions between DLG1 PDZ2 and the C termini of the cytomegalovirus protein HHRF7 and the glycoprotein U47 of human herpes virus 6A. Finally, the ProP-PD data suggest several new ligands for Erbin PDZ, such as the Vpu protein of HIV and the Bat coronavirus envelope small membrane protein. These results show how the ProP-PD approach can be used to identify novel putative host-virus protein-protein interactions.
Discussion
We made use of custom oligonucleotide arrays to construct defined phage display libraries comprising the entire human and viral C-terminomes found in Swissprot. We demonstrated the power of such customized peptide-phage libraries in identifying ligands of potential biological relevance using PDZ domains as model proteins. Compared with conventional phage display, the main strength of our approach is the defined search space encompassing biological ligands, which obviates the need for predictions. Next-generation sequencing of the phage pools provides a list of selected peptide sequences that are directly associated with target proteins of potential biological relevance. We identified interactions between PDZ domains and C-termini of human proteins, and expanded the ProP-PD approach to screen for host-virus protein-protein interactions. Future studies with more extensive viral libraries can be envisioned. For example, it is possible to generate comprehensive libraries of viral species, including extensive sequence variations from strain sequencing, for the rapid screening of interactions between host proteins and virus proteins and for potential subtyping of viral strains based on their binding preferences. The method could also be extended to pathogenic bacteria that have been shown to exploit modular domains (41) . The PDZ ligands retrieved from the ProP-PD appear generally less hydrophobic than ligands derived using combinatorial phage libraries, although the affinities for the bait proteins are in the same range (7, 20) . The hydrophobic bias might be explained by a bias in the M13 phage display system toward displaying hydrophobic peptides (49) . Because such hydrophobic peptides are less abundant in the ProP-PD libraries, this issue is circumvented. However, the ProP-PD method has other limitations. First, it does not account for spatial or temporal separation of the ligands within cells, although it can be envisioned to filter the data for such factors. Second, ProP-PD is not suitable for tackling posttranslational modifications, which are common regulatory mechanisms of domain-SLiMs interactions (50) .
ProP-PD can be compared with other methods for detection of protein-peptide interactions, such as SPOT microarrays, where defined peptides are synthesized on a cellulose membrane (10, 51) . The SPOT array technique has the key advantage of allowing for studies of modifications, such as phosphorylation and acetylation, but has several disadvantages. First, the number of peptides that can be printed on a SPOT microarray is still smaller than necessary. By contrast, ProP-PD libraries scale easily and could contain all potential human binding motifs. Second, SPOT microarrays have relatively high false-positive rates, which does not appear to be the case for Prop-PD. The approach can also be compared with Y2H. Although Y2H has the advantage of screening full proteins (rather than only peptides), it has generally had both lower sensitivity and specificity for detecting domain-SLiM interactions (52) . Another advantage of the ProP-PD approach over Y2H is that it is not limited to proteins that can be translocated to the nucleus. Finally, ProP-PD can be compared with AP/MS, which has the advantage of probing interactions in a cellular context. However, elusive SLiMs interactions are often not detected in these experiments. Thus, ProP-PD can be used as to complement AP/MS derived networks.
Over the last decade there has been increasing interest in intrinsically disordered regions, which are present in about 30% of human proteins (53) and are enriched in SLiMs that may serve as binding sites for target proteins. Although there are more than 100,000 SLiMs instances in the human proteome (4), the function is only known for a fraction (54) . By creating ProP-PD libraries that represent all of the disordered regions of target proteomes, it will be possible to rapidly and comprehensively screen for SLiMsdomain interactions. A library of the complete human proteome has indeed already been constructed using the T7 display system, and it was validated for protein-peptide interaction screening by the identification of a known ligand for GST-tagged replication protein A2. However, other binding partners were not picked up as the target motifs were at the breakpoints between peptides, highlighting the importance of the initial design of the libraries.
As outlined by Larman et al., the ProP-PD approach can also be used for the identification of antibody epitopes, and the peptides may to some extent retain some secondary structures when expressed on the coat protein (12) . This aspect is reminiscent of other studies where libraries of highly structured natural peptides have been used to identify inhibitors of proteinprotein interactions (55) . Folded peptides from proteomes distinct from the target organism may be used for identification of inhibitors of specific human protein-protein interactions. The design of folded rather than disordered peptide libraries could be a possible extension of our ProP-PD approach.
We believe that the ProP-PD technology can be scaled to any proteome of interest and will become a widely applicable method for the rapid proteome-wide profiling of peptide-binding modules. It will enable the unbiased search for potential biologically relevant targets for network analysis and comparative studies.
Methods
Design of Human and Viral ProP-PD Libraries. The human ProP-PD library (Dataset S1) was designed by retrieving information from Ensembl62 (version GRCh37.6, built 64), RefSeq and TopFind (downloaded December 2011). The viral C-terminal library contained the nonredundant C-terminal heptapeptides (Dataset S2) retrieved from Swissprot with an overview of host specificities in Fig. S1 . The C-terminal peptide sequences were reverse translated using the most frequent Escherichia coli codons (56) and the coding sequences were flanked by primer annealing sites for PCR amplification and site-directed mutagenesis reactions.
Oligonucleotide Pool from Microarray Chip. The designed oligonucleotides were obtained on 244k microarray chips (Agilent) and copied from the microarray chips through hybridization of primers designed to anneal to the single stranded templates. The primer (GCCTTAATTGTATCGGTTTA) complementary to the 3′ end of the designed oligonucleotides was dissolved (30 μM) in hybridization buffer [1 M NaCl, 10 mM Tris·HCl pH 7.5, 0.5% Trition-X100, 1 mM dithiothritol (DTT)] and allowed to hybridize to the templates for 4 h at 30°C under rotation. Unbound primer was removed by washing with 50 mL of low-stringency wash buffer (890 mM phosphate buffer, pH 7.4, 60 mM NaCl, 6 mM EDTA, 0.5% Triton-X100) followed by 50 mL of high-stringency wash buffer (8.9 mM phosphate buffer pH 7.4, 0.6 mM NaCl, 0.06 mM EDTA, 0.5% Triton-X100). A complementary strand was synthesized through a polymerase reaction [900 μL reaction: 1× NEB buffer 2 (10 mM Tris·HCl, 10 mM MgCl 2 , 50 mM NaCl, 1 mM DTT, pH 7.9), 90 μg BSA, 0.1 mM of each dNTP, 54 units of T4 DNA polymerase, 75 units of Klenow Fragment (3′-5′ exo-; New England Biolabs)] at 30°C for 30 min. The newly synthesized oligonucleotides were removed from the microarray chip by incubation with 1 mL 20 mM NaOH at 65°C for 20 min. The eluted single-stranded oligonucleotides were precipitated in Eppendorf tubes at −80°C for 2 h by addition of 3 M sodium acetate, molecular grade glycogen, and 100% (vol/vol) ethanol [final concentrations 85 mM sodium acetate, 0.7% glycogen, 70% (vol/vol) ethanol]. The DNA was pelleted by centrifugation at 16,100 × g at 4°C for 30 min, the supernatant removed, and the pellets washed by addition of cold 70% (vol/vol) ethanol and centrifugation at 16,100 × g at 4°C for 5 min. The DNA pellets were allowed to dry at room temperature for 30 min and resuspended in a total volume of 40 μL water. The single-stranded oligonucleotides (1 μL for 50-μL reaction) were used as template for a PCR using Taq polymerase to amplify the library (24 cycles of 55°C annealing, 72°C elongation, and 98°C denaturation). To improve coverage, the template was amplified in 16 separate reactions. The PCR products were confirmed by gel electrophoresis [2.5% (wt/vol) agarose] with SYBR Safe (Invitrogen) staining, purified on four columns of the QIAgen nucleotide removal kit and eluted in 40 μL water from each column. The concentration of the dsDNA was estimated using PicoGreen dye (Invitrogen) and using a twofold dilution series (100-0.8 μg/μL) of λ-phage double-stranded DNA (dsDNA, Invitrogen) as a standard. The PicoGreen dye was diluted 1:400 in TE buffer and mixed with 1 μL of dsDNA standard or PCR product in a low-fluorescence 96-well plate (Bio-Rad). The fluorescence was read in a quantitative PCR machine (Bio-Rad) (excitation 480 nm, emission 520 nm) and the sample DNA concentration was determined from the standard curve.
Library Construction and Amplification ProP-PD libraries were constructed following a modified version of a published procedure (57, 58) . The PCRamplified dsDNA (0.6 μg) was used as primers for oligonucleotide-directed mutagenesis after removal of residual single-stranded (ssDNA) by ExoI treatment (0.2 units/μL, 37°C for 30 min, 85°C for 15 min) followed by flash cooling on ice. The dsDNA was then directly 5′ phosphorylated for 1 h at 37°C in TM buffer (10 mM MgCl 2 , 50 mM Tris, pH 7.5) and 1 mM ATP, 5 mM DTT using a T4 polynucleotide kinase (1 unit/μL; New England Biolabs). The phosphorylated dsDNA was denatured and annealed (95°C for 3 min, 50°C for 3 min and 20°C for 5 min) to ssDNA template [10 μg ssDNA encoding the M13 major coat protein P8 (36) prepared as described elsewhere (57) ] in TM buffer in a total volume of 250 μL. dsDNA was synthesized overnight at 20°C by addition of 10 μL 10 mM ATP, 10 μL 10 mM dNTP mixture, 15 μL 100 mM DTT, 30 Weiss units T4 DNA ligase, and 30 units T7 DNA. The DNA was purified using a QIAquick DNA purification kit and eluted with 35 μL water. The phagemid library was converted into a ProP-PD library by electroporation into E. coli SS320 cells preinfected with M13KO7 helper phage (58) . The transformation efficiency was 10 8 to 10 9 transformants per reaction thus exceeding the theoretical diversity of the library by more than 1,000-fold. The phage-producing bacteria were grown over night in 500 mL 2YT (16 g Bacto tryptone, 10 g Bacto yeast extract, 5 g NaCl, per liter water) medium at 37°C and then pelleted by centrifugation (10 min at 11,270 × g). The supernatant was transferred to a new tube and phages were precipitated by adding one-fifth volume polyethylene glycol·NaCl, [20% PEG-8000 (wt/vol), 2.5 M NaCl], incubating for 5 min at 4°C and centrifuging at 28,880 × g at 4°C for 20 min. The phage pellet was resuspended in 20 mL PBT (PBS, 0.05% Tween-20, 0.2% BSA), insoluble debris was removed by centrifugation and the library was stored at −20°C in 20% (vol/vol) glycerol. The naïve libraries were deep sequenced using the Illumina platform (SI Methods and Fig. S6 ). The library was reamplified in E. coli SS320 cells in presence of 0.4 M IPTG.
ProP-PD Selections and Validation Experiments. Selections and analyses were carried out at 4°C essentially as described by Ernst et al. (59) . Similarly, peptide synthesis, affinity measurements, and Co-IPs were carried out using standard protocols. Detailed descriptions are given in SI Methods.
